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Abstract
Based on laboratory results of time-dependent mechanical behavior tests, the creep property of coal containing gas is 
investigated under different load conditions, using servo-controlled triaxial rheology testing machine at room
temperature. The effect of effective axial stress, effective confining pressure and gas pressure on the creep behavior 
of coal containing gas is discussed respectively in detail. At primary creep stage, creep strain rate of coal samples, 
which can be described by a power function, decreases gradually with testing time. At steady-state creep stage, 
effective axial stress, effective confining pressure and gas pressure are important factors which affect the creep strain 
rate of coal samples. An exponential function is proposed to model the effect of effective axial tress on creep strain 
rate, at the same time, a linear equation can be used to describe the effects of effective confining pressure on creep 
strain rate. While, gas pressure influences indirectly the creep behavior of coal containing gas through making a 
change of the value of effective stresses. Accelerating creep stage is the last stage of non-attenuating creep and the 
beginning of coal samples failure, as well. Macro-cracks will be produced and lead to the failure of coal samples 
finally as far as accelerating creep stage appears.
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1. Introduction
Coal and gas outburst is disaster dynamic events which may result in the violent projection of 
fragmented coal and gas in a very short period time from the mining face. It is caused mainly by gas 
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pressure, in-situ stress and coal physical-mechanical properties. In the recent years, during mining 
processes, coal and gas outburst is growing with the increasing of the complexity of geologic conditions, 
large mining depth and gas pressure in coal mines, and brings great threat to mine personal life and asset 
seriously [1]. This hazard has already given a challenge to coal mine safety experts [2, 3]. Therefore, it is 
of theoretical and practical importance to study coal and gas outburst mechanism so that the disaster can 
be predicted, prevented and controlled.
In mechanical terms, coal and gas outburst is a type of coal failure, and is a time-dependent problem at 
the same time [4]. The time-dependent deformation of coal-rock material is determined by their 
mineralogical and structural features, and principally studied by creep tests, relaxation tests, and 
monotonic quasistatic compression tests. A number of previous investigations have shown that total creep 
deformation of coal-rock material is usually described as a unitary process represented by the following 
four time-dependent deformations: instantaneous elastic deformation, primary creep, steady-state creep 
and accelerating creep [5, 6]. In the last decades, many experimental and theoretical studies have been 
devoted to describe the creep behavior of coal-rock material using various apparatus and means under 
different loading conditions [7-14]. These study results are mainly about the effect of stress levels on 
primary and steady-state creep deformation and creep strain rates, and provide a perfect experimental and 
theoretical base to investigate the creep behavior of geo-materials for experts and engineers.
Sometimes, coal seams are essentially submitted to compressive stresses and saturated or partially 
saturated by one or several fluids in mining engineering or underground engineering. As is well known, 
coal is belong to porous media and has a perfect gas adsorption property [1 ,15]. Many laboratory studies 
have shown that coal samples display swelling induced stress due to the uptake gas [16-18]. Accordingly, 
gas adsorption effect and the swelling induced stress should be taken into account in the research of creep 
behavior for coal material under different loading conditions.
In this present paper, with inspiration from the previous works, we developed a set of experiments for 
investigating the creep properties of coal containing gas under different load conditions. Emphasis was 
placed on the investigation of effects of effective axial stress, effective confining pressure and gas 
pressure on creep behavior. Experimental results presented in this paper are important in the following 
two applications. In the first instance, the experimental results may be used to explain and analyze the 
long-term mechanical behavior of coal-rock material and to identify the creep parameters that can be used 
to viscoelastoplastical numerical analysis of underground engineering. Secondly, these results provide an 
original data base for the establishment and validation of nonlinear creep constitutive models.
2. Triaxial creep testing equipment and sample preparation
Triaxial compressive creep of coal containing gas is adopted as the main mechanical process for this 
study. In order to keep the authenticity of testing results, we took into account geostress and gas pressure 
in mining engineering. Therefore, all creep tests for coal samples were carried out under conventional 
triaxial compression conditions (σ1>σ2=σ3), in an attempt to reproduce geostress state as accurately as 
possible. And the testing gas pressure was determined according to the field measurement data of gas 
pressure, as well.
2.1. Testing equipment
Long-term creep tests for coal samples were conducted on rock servo-controlled triaxial rheology 
equipment. The equipment is made up of a loading system, a hydraulic pressure transfer system, constant-
stability pressure device, a gas-provided system and automatic data collection system. The most important 
part of this equipment is the triaxial gas-seepage device (Fig.1), which can perform all controlled tests 
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and data acquisition/ analysis by a computer and ensures that the rheology tests are carried out safely, 
timely and precisely. This equipment can be applied to perform conventional triaxial compression tests, 
triaxial seepage tests, triaxial creep and creep-seepage tests. The precision of the testing system was
outlined as follows: (1) axial load: ±0.00001 kN; (2) axial displacement: ±0.001 mm; (3) confining 
pressure: ±0.05 MPa; (4) gas pressure: ±0.05 MPa.
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Fig.1. Sketch diagram of triaxial gas-seepage device.
2.2. Sample preparation
Generally, the strength of outburst-prone coal seams, especially their soft parts, is too low to collect 
original coal cores directly. Therefore, we can only make testing coal samples using coal powder in a 
metal mold under a given compressive load condition. The soft part of a coal seam, which is used to make 
testing coal samples, was collected from Datong No.1 Coal Mine, Songzao Mining Area, Chongqing City, 
China. The process of making coal specimens preparation was as follows: (1) The soft part of coal seam 
was grinded into granules whose size ranged from 0.18～0.63mm. (2) The coal granules were put into a 
metal mold after mixed with some adequate pure water. (3) The mold, which was full with coal granules 
containing water, was placed on the loading-platform of a 2000 kN testing machine. (4) The coal granules 
containing water were pressed into a cylindrical sample of 50 mm in diameter and about 100 mm in 
length under a forming pressure of 100 MPa from the testing machine for 30 minutes (Fig. 2).
Repeat the above steps, coal samples will be produced from the metal mold one by one. At last, the 
coal specimens were placed into a dryer box after they had been dried off in an electric oven at 80℃. The 
coal specimens for testing in laboratory are shown in Fig. 3.
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                   Fig.2. Process for making samples.                                                        Fig.3. Coal samples for testing.
2.3. Experimental procedures
The long-term creep experimental procedure consisted of the following steps. (1) A sample was 
installed in the triaxial pressure vessel. (2) The axial stress and confining pressure were simultaneously 
and gradually increased to the predefined confining stress value in order to ensure the sample was under 
uniform hydrostatic stress before the start of testing. (3) The gas pressure was gradually increased to the 
predefined value at a rate of 0.1MPa/s. The predefined gas pressure must be less than the given confining 
pressure for the sake of preventing gas revealing from the coal sample. (4) When the coal sample was 
loaded to the given axial stress level in a short time, the axial stress was kept constant while recording the 
axial deformation until the creep test was over.
3. Creep test results and analysis
As has already been mentioned, coal samples display a swelling induced stress due to the uptake gas. A
swelling stress is produced under a gas adsorption condition and has an important influence on physical 
and mechanical properties of the porous material like coal. The swelling stress of gas adsorption can be 
expressed as follows [19]:
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where, a and b are constants of gas adsorption, p is the pore pressure, ρ is the density of the material, 
R=8.3143 is the molar gas constant, T is the absolute temperature, υ is the Poisson’s ratio, and 
Vm=22.4×10
-3 m3/mol is molar volume.
For such a gas-saturated medium, effective stress proposed by Terzaghi [20] is necessary used to 
represent the stress state under different load conditions for coal samples containing gas. Considering Eq. 
(1), the relationship between total stress (σ ) and net (effective) stress ( ′σ ) can be expressed as:
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where δij is the Kronecker’s delta, and φ is the porosity of the material.
According to Eq. (2), effective axial stress and effective confining pressure can be expressed as follows:
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Therefore, in this paper, we can study the creep behavior of coal samples containing gas by means of 
Eqs. (3) and (4).
In general, during a creep test in laboratory, the process of creep may develop either an attenuating 
creep or a non-attenuating creep [21]. Typical long-term creep curves of coal samples containing gas 
under different effective axial stress and effective confining pressure are shown in Figs. 4 and 5. Form 
Figs. 4 and 5, we can see that coal samples exhibit a kind of attenuating creep property at relative low 
effective axial stress (σ′1) and relative high effective confining pressure (σ′3)  respectively. Otherwise, 
coal samples will show a kind of non-attenuating creep property. As a result, an attenuating creep may be 
transited into a non-attenuating creep by increasing effective axial stress or decreasing effective confining 
pressure. It is clear that effective axial stress and effective confining pressure have an important impact on 
the creep behavior of coal specimens containing gas. At the same time, from Eqs. (3) and (4), we can see 
that although gas pressure does not take part directly in changing the creep behavior of coal containing 
gas, it can make a change of effective axial stress or effective confining pressure and influence the creep 
property of coal containing gas indirectly.
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Fig.4. Creep curves of coal samples at σ′3=3.6MPa.              Fig.5. Creep curves of coal samples at σ′1=12.2MPa.
4. Primary creep stage
Primary creep strain is the initial creep of inelastic flow. The period at primary creep stage is different 
for different loads and depends on axial stress more than confining pressure (Yang et al., 1999; Yin et al., 
2008). The creep strain rate at primary creep stage decreases gradually until the steady-state creep stage is 
reached. A power function as follows is suggested to fit the primary creep data.
p 0 t
βε ε α= +                                                          (5)
where, ε0 is the initial axial strain, α and β are the material parameters.
Fig.6 is constructed in such a way in which partial axial strain versus time plots are adjusted to zero 
intercepts.
Taking the time derivative of Eq. (5), the primary creep strain rate (
pε ) is obtained as
1
t t
βε α β −= ⋅ ⋅                                                                     (6)
In this paper, the exponent of t can be obtained based on the test data and its mean value is -0.71 with a 
standard deviation 0.069. Fig. 7 shows the plot of the primary creep rate at σ′1=13.2MPa and σ′3=3.2MPa.
The test data of coal samples show a good agreement with the simulated results in Figs. 6 and 7, which 
indicates that Eqs. (5) and (6) are entirely appropriate for describing the creep deformation at primary 
creep stage.
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Fig.6. Axial strain versus time curves at primary creep stage and the fitting results.
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Fig.7. Primary creep rate versus time at σ′1=13.2MPa and σ′3=3.2MPa.
1007Dengke Wang et al. / Procedia Engineering 26 (2011) 1001 – 1010Dengke Wang et al / Procedia Engineering 00 (20 1) 0 00 7
In terms of test results, the primary creep is essentially caused by the elastic after-effects of coal 
specimens containing gas. The elastic after-effect is due to the thermo-elastic property of materials.
According to Figs. 4 and 5, different stress condition has different creep behavior for coal samples. But 
all in all, if creep load (axial stress) is lower the long-term strength, specimens will be in an attenuating
creep state, conversely, specimens will be in a non-attenuating creep state [6, 23]. Practically the ultimate 
long-term strength can be taken equal to the yield strength of materials [8]. Therefore, whether a non-
attenuating creep appears or not, and we judge only whether the yield stress under some specific loading 
condition is exceeded or not
5. Steady-state creep stage
At steady-state creep stage, creep strain curves of coal samples approximately become straight lines. 
The slopes of these straight lines are defined as the steady-state creep strain rate which has been a driving 
force of study for many researchers [8, 24]. It is important to many engineering applications to know
when a steady-state is reached and what the magnitude is of the steady-state creep strain rate, since 
steady-state creep stage determinates the service life of material.
According to test data, the steady-state strain rates of coal specimens under different load conditions 
are presented in Tables 1 and 2. Based on these data, we can construct figures in which the effects of 
effective axial stress and effective confining pressure are revealed respectively. Steady-state creep strain 
rate versus effective axial stress and effective confining pressure is plotted in Figs. 8 and 9 respectively.
Table 1Steady-state creep strain rate under the condition of fix effective confining pressure (unit 1/h)
σ′3 (MPa)
Effective axial stress σ′1 (MPa)
10.0 11.0 12.0 13.0 13.8 14.0
σ′3 = 3.6 1.12×10
-5 2.54×10-5 4.83×10-5 8.24×10-5
σ′3 = 4.2 1.72×10
-5 4.52×10-5 8.65×10-5 16.52×10-5
σ′3 = 5.2 0.78×10
-5 2.04×10-5 5.54×10-5 12.03×10-5
σ′3 = 4.5 0.35×10
-5 0.93×10-5 2.12×10-5 7.64×10-5
Table 2 Steady-state creep strain rate under the condition of fix effective axial stress (unit 1/h)
σ′1 (MPa)
Effective confining pressure σ′3 (MPa)
3 4 5 6
σ′1 = 10.6 4.12×10
-5 2.54×10-5 1.34×10-5 0.27×10-5
σ′1 = 13.5 5.75×10
-5 4.08×10-5 2.12×10-5
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Fig.8. Curves of steady-state creep strain rate versus effective axial stress under the condition of fix effective confining pressure.
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According to table 1, an exponential function can be used to represent the effect of effective axial stress 
on creep strain rate at steady-state creep stage.
s 1exp( )A mε σ ′= ⋅                                                         (7)
where A and m are constants.
The fitting curves, by suing Eq. (7), are also plotted in Fig. 8. All the correlation coefficients in Fig.8 
are higher than 0.99. It is shown that the fitting results are in very good agreement with the test data.
For the data in table 2, we can use a linear equation to simulate approximately the test data.
s 3a bε σ ′= +                                                              (8)
From Fig. 9, we can see that the simulation results display a good agreement with the test data as well. 
The result indicates Eqs. (7) and (8) are reliable in representing the change rule of creep strain rate at 
steady-state creep stage.
6. Accelerating creep stage
Accelerating creep is the last creep stage of creep deformation. As has already mentioned before, 
accelerating creep occurs only when the axial stress exceeds the threshold value —— the yield stress of 
coal specimen containing gas in some given stress state. At accelerating creep stage, the creep strain rate 
rises quickly in a short time, which leads to the failure of coal specimens finally. At this stage, the 
“softening” effect, which can cause the creep rate to be unstable, increases greatly in a short period of 
time [15]. In addition, the creep strain rate at this stage is so highly nonlinear that its regularity is less than 
that at primary or steady-state creep stage. Zhao et al. [25] attempted to approximate the accelerating 
creep strain rate by using a power function, but the result was not ideal. As the beginning of this stage 
indicates the start of failure of a sample, little attention is paid to the law of accelerating creep strain rate 
in engineering practice.
There are many reasons for starting of accelerating creep stage. Cruden [26] and Kranz and Scholz [27]
believe that accelerating creep starts when a critical crack density is reached. Ma [28] holds that there 
must be a critical stress transition point between steady-state creep and accelerating creep, and makes the 
threshold stress be equal to about 90% of ultimate strength. All in all, no matter which one cause starts 
accelerating creep, macro-cracks can be formed and lead to the failure of coal specimens (Fig. 10).
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Fig.10. Macro-cracks in coal samples.
7. Conclusions
This paper deals with the creep behavior of coal containing gas. The primary creep, steady-state creep 
and accelerating creep of coal specimens are analyzed in detail based on tests data under different load 
conditions. The following conclusions can be obtained in this paper:
• Coal material displays a swelling induced stress due to the uptake gas, which may change the stress 
state of coal samples in laboratory and further influence the creep behavior of coal containing gas.
• Effective axial stress and effective confining pressure play innegligible roles in creep deformation of 
coal containing gas. Gas pressure can affect indirectly the creep behavior of coal containing gas 
through making a change of the value of effective stresses.
• Primary creep stage is a produce of elastic aftereffect for materials, at this stage, the creep strain and 
creep rate of coal containing gas can be well described by a power functions of time.
• The creep strain rate at steady-state creep stage increases with effective axial stress, but decreases with 
effective confining pressure. It is exponential with effective axial stress (Eq. (7)) and linear with 
effective confining pressure (Eq. (8)).
• Accelerating creep progress quickly. It marks the onset of a gas-saturated coal specimen failure if the 
applied load is not removed.
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